Modification of molecular sieves MCM-41 and SBA-15 with covalently grafted pyromellitimide and 1,4,5,8-naphthalenediimide  by Trindade, Fabiane Jesus et al.
Journal of Colloid and Interface Science 368 (2012) 34–40Contents lists available at SciVerse ScienceDirect
Journal of Colloid and Interface Science
www.elsevier .com/locate / jc isModiﬁcation of molecular sieves MCM-41 and SBA-15 with covalently grafted
pyromellitimide and 1,4,5,8-naphthalenediimide
Fabiane Jesus Trindade, José Fernando Queiruga Rey, Sergio Brochsztain ⇑
Petroleum Nanotechnology Group, Universidade Federal do ABC, Rua Santa Adélia, 166, Santo André-SP 09210-170, Brazil
a r t i c l e i n f oArticle history:
Received 26 June 2011
Accepted 30 October 2011
Available online 10 November 2011
Keywords:
Pyromellitimides
1,4,5,8-naphthalenediimides
1D stacks
Mesoporous materials
MCM-41
SBA-150021-9797  2011 Elsevier Inc.
doi:10.1016/j.jcis.2011.10.071
⇑ Corresponding author. Fax: +55 11 49963166.
E-mail address: sergio.brochsztain@ufabc.edu.br (S
Open access under the Elsa b s t r a c t
This article describes the covalent grafting of pyromellitimide and 1,4,5,8-naphthalenediimide, which are
organic semiconductors with very interesting electro-optical properties, onto the walls of mesoporous
molecular sieves. The mesoporous materials MCM-41 and SBA-15 were ﬁrst treated with 3-aminopropyl-
triethoxysilane, generating materials with a surface coverage of primary amino groups. These materials
were further reacted with either pyromellitic dianhydride or 1,4,5,8-naphthalenetetracarboxylic dianhy-
dride, generating surface-bound pyromellitimide or 1,4,5,8-naphthalenediimide, respectively. The suc-
cess of the modiﬁcation reactions was conﬁrmed by elemental and thermogravimetric analyses, X-ray
diffraction patterns and infrared, reﬂectance and ﬂuorescence spectroscopies. The results indicated that
the mesoporous structure of the new materials was preserved after the modiﬁcation reactions and that
the chromophores were included inside the mesoporous channels with stacked aromatic rings.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
MCM-41 [1] and SBA-15 [2] are mesoporous molecular sieves
with pore sizes in the range 2–10 nm and 5–30 nm, respectively.
They are obtained by surfactant-templated synthesis, resulting in
highly ordered hexagonal arrays of one-dimensional channels, with
large surface areas and narrow pore size distribution. Owing to
these properties, MCM-41 and SBA-15 are quite suitable for the
incorporation of organic molecules with opto-electronic properties
[3,4]. Examples of organic compounds that have been incorporated
into thesemesoporous silicates are porphyrins [5], phthalocyanines
[6,7], methylene blue [8], ferrocene [9], rhodamine, ﬂuorescein, and
coumarin derivatives [3,4,10,11]. The mesoporous channels of
MCM-41 and SBA-15 are particularly suited as templates for the
formation of one-dimensional (1D) nanostructures of p-stacked or-
ganic semiconductors [12], with several applications in nanopho-
tonics and nanoelectronics, ranging from light-emitting diodes to
ﬁeld-emission devices, organic photovoltaics, sensors/biosensors,
and nanolasers [12–15]. Among the semiconductors that have been
incorporated are polyaniline [16], polypyrrole [17], tetraphenylpy-
rene [18], poly(3,4-ethylenedioxythiophene) [19] and poly(p-phen-
ylenevinylene) [20] derivatives.
Our group has been working with aromatic imides, which are
among the most important n-type organic semiconductors, pre-
senting very interesting opto-electronic properties. We have
recently reported on the incorporation of the red dye 3,4,9,. Brochsztain).
evier OA license. 10-perylenediimide (PDI) [21,22] and the yellow dye 4-amino-
1,8-naphthalimide (ANI) [23] into the channels of MCM-41 and
SBA-15. For this purpose, the hydroxyl groups on the silicate
surface were modiﬁed with 3-aminopropyltriethoxysilane (APTES),
resulting in a coverage of primary amino groups (Scheme 1). Reac-
tion of the amino groups with aromatic anhydrides, which are the
precursors of the imides, resulted in the in situ formation of PDI
and ANI covalently bound to the internal surface of the channels.
The same method was employed in the present work for the
grafting of two other classes of imides, the pyromellitimides
(PMI) and 1,4,5,8-naphthalenediimides (NDI), according to Scheme
1. The stacking of the aromatic imide rings inside the channels is
potentially suited for several applications, such as semiconducting
nanowires, lasers, and sensors.
The NDI are stable aromatic molecules with very interesting
photophysical and photochemical properties [24–28]. Due to their
semiconducting properties, the NDI have been employed in device
manufacturing, including ﬁeld-effect transistors [29,30] and solar
cells [31]. The PMI are also very interesting molecules, displaying
remarkable ability to form charge-transfer complexes with a vari-
ety of donor molecules [32,33], a feature that has been explored for
the construction of colorimetric sensors [34].
2. Experimental part
2.1. Materials
4-Aminopropyltriethoxysilane (APTES), 1,4,5,8-naphthalenetet-
racarboxylic dianhydridre, and 1,2,4,5-benzenetetracarboxylic
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Scheme 1. Stepwise synthesis of the imide-modiﬁed mesoporous materials MCMNDI, MCMPMI, SBANDI, and SBAPMI.
Table 1
Elemental analysis of modiﬁed MCM-41 and SBA-15 samples.
Material %C %N Organic content (weight%)
MCM-41 0.20 0.03 –
MCMNH2 8.93 2.93 14.4%
MCMPMI 13.9 4.25 21.6%
MCMNDI 14.7 4.00 21.9%
SBA-15 0.35 0.28 –
SBANH2 6.80 2.45 11.0%
SBAPMI 12.1 2.55 19.2%
SBANDI 16.3 2.72 24.2%
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Aldrich. Toluene, methanol, ethanol, chloroform, and N,N-dimeth-
ylformamide (DMF) were HPLC grade (Baker). Deionized water was
used for measurements in aqueous media. Imidazole was pur-
chased fromMerck. MCM-41 and SBA-15 were synthesized accord-
ing to well-known procedures [1,2], as described in detail in our
previous publications [22,23].
2.2. Methods
Modiﬁcation of MCM-41 and SBA-15 with amino groups was
carried out by reaction with APTES in anhydrous toluene, according
to the previously reported method [22,23], giving MCMNH2 and
SBANH2 (Scheme 1). Reaction of the amino-modiﬁed samples with
the aromatic anhydrides was performed using a mixture of molten
imidazole (100 g) with DMF (50 ml) as the solvent. The mixture
was heated at 120 C under stirring, until all the imidazole melted.
The aromatic anhydride (either 1,4,5,8-naphthalenetetracarboxylic
dianhydridre or pyromellitic dianhydride) was then added
(Scheme 1), in a large molar excess over the amino groups, and
the mixtures were stirred until total dissolution. The APTES-modi-
ﬁed materials (MCMNH2 or SBANH2) were then added, and the
mixtures were heated for additional 30 min. The resulting solids
were washed thoroughly with several portions of hot DMF, fol-
lowed by ethanol, until the excess anhydride could not be detected
any more in the washing solutions. After each washing step, the so-
lid was separated from the mother liquid by centrifugation
(12,000 rpm, 20 min). At the end of the washing steps, the result-
ing solid materials were dried overnight in an oven (110 C).
2.3. Instruments
Elemental analysis (CHN) and infrared spectra were performed
at the analytical center of the Chemistry Institute, São Paulo Uni-
versity. Thermogravimetric analysis was carried out with a TA
Instruments Q500 Thermogravimetric Analyzer. Powder X-ray dif-
fraction patterns were obtained either with a Nanostar Small AngleX-ray Scattering (SAXS) Spectrometer (Bruker) or with a Bruker-
Focus D8 diffractometer, using the Cu Ka irradiation as a source
(k = 0.15418 nm). Diffuse reﬂectance spectra of the dry powders
were collected with a Cary 50 Spectrophotometer (Varian), using
the Barrelino accessory, which is a remote diffuse reﬂection probe
that uses ﬁber optics to bring light from the spectrophotometer
into the probe. Fluorescence spectra were obtained with a Cary
Eclipse Fluorescence Spectrophotometer (Varian), using the fol-
lowing parameters: excitation wavelength = 360 nm; slits = 10 nm
(ex.) and 5 nm (em.); scan rate = 120 nm/min; PMT voltage = high.
The solid samples were suspended in the solvents for the measure-
ments, giving quite stable suspensions with reproducible emission
spectra.3. Results and discussion
3.1. Thermogravimetric and elemental analysis
The modiﬁcation of the mesoporous materials with the aro-
matic imides was conﬁrmed by elemental analysis of the samples
(Table 1). A gradual increase in the carbon content can be observed
after each modiﬁcation step. After reaction with APTES, the percent
of carbon in MCM-41 and SBA-15 raised from trace amounts to
8.9% and 6.8%, respectively, indicating the success of the silaniza-
36 F.J. Trindade et al. / Journal of Colloid and Interface Science 368 (2012) 34–40tion step. After reaction with the aromatic anhydrides, the carbon
content increased further to values ranging from 12% to 16%, indi-
cating that the anhydrides reacted with the free amino groups, giv-
ing surface attached aromatic imides. Furthermore, the total
organic contents calculated from the data agree well with the
weight losses observed in thermogravimetric analysis (see below).
The TGA analyses of the samples are shown in Fig. 1. Two differ-
ent regions should be considered. At temperatures below 100 C,
the weight loss is due to physisorbed water. It can be observed that
the non-modiﬁed silicates lost high amounts of water (nearly 20%
for MCM-41 and 10% for SBA-15), whereas the samples modiﬁed
with the aromatic imides lost only minor amounts of water (in
the range 1–3%). This phenomenon could be explained partly by
the presence of the bulky organic chromophore bound to the pore
surface, leaving less room for the binding of water molecules. An-
other reason for the decreased water in the modiﬁed samples could
be the method of preparation, since the samples were probably
dehydrated during the series of reactions with APTES and with
the anhydrides, which were performed in reﬂuxing high-boiling
organic solvents.
At temperatures above 100 C, the observed weight loss in the
TGA was due to the thermal degradation of the organic material
in the samples. This process can be better observed when the
TGA were normalized for the dry weight (weight at 100 C taken0 100 200 300 400 500 600 700 800
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Fig. 1. (A) TGA analysis of MCM-41 samples: unmodiﬁed MCM-41 (solid line),
MCMNH2 (dash dot), MCMNDI (dash), and MCMPMI (dot). (B) TGA analysis of SBA-
15 samples: unmodiﬁed SBA-15 (solid line), SBANH2 (dash dot), SBANDI (dash), and
SBAPMI (dot). In the insets, the thermograms were normalized to 100% weight at
100 C, showing therefore the thermal decomposition of the dry samples.as 100% weight), as shown in the inset of Fig. 1A and B. The sam-
ples modiﬁed with the aromatic imides lost ca 20% of their weight,
which is consistent with the percent of organic materials
(APTES + aromatic imide) obtained for these samples from elemen-
tal analysis (Table 1). The samples modiﬁed only with APTES lost ca
16% (MCMNH2) and 12% (SBANH2) of their weight, which is also in
agreement with the data in Table 1.
3.2. X-ray diffraction patterns
Small-angle X-ray diffraction patterns of the functionalized
MCM-41 and SBA-15 samples are shown in Figs. 2 and 3, respec-
tively. All the samples showed the characteristic pattern for the
hexagonal array found in these mesoporous materials, with the
peaks corresponding to the reﬂections (100), (110), and (200)
clearly seen. These results show that the imide-modiﬁed materials
retained the mesoporous structure of the original molecular sieves,
even after the series of reactions shown in Scheme 1.
The main crystallographic parameters are summarized in Table
2. The a0 parameter, which is the center to center distance between
adjacent pores [21], was found to be 43 Å for MCM-41 and 113 Å
for SBA-15, in agreement with literature data. This result reﬂects
the larger pore size of the SBA-15, since this material is prepared
using as templates larger micelles then MCM-41. Note that there
are not signiﬁcant differences in pore size between the unmodiﬁed
and modiﬁed materials, for both MCM-41 and SBA-15, showing
that there was no pore expansion upon chromophore incorpora-
tion. Pore expansion is often observed when the included molecule
is large in comparison to the pore size, as is the case for the bulky
3,4,9,10-perylenediimide [22,23].
X-ray diffraction patterns measured at larger angles (2h = 10–
80) did not show any structured peak (supplementary material),
showing the absence of crystalline domains of organic molecules.
This result conﬁrms that the aromatic imides are dispersed within
the mesoporous channels of both MCM-41 and SBA-15.
3.3. Infrared spectroscopy
The infrared spectra of the imide-grafted mesoporous materials
are shown in Fig. 4. The bands corresponding to the imide carbon-
yls (marked with a star) are clearly seen between 1600 and
1720 cm1, along with other peaks characteristic of the aromaticig. 2. SAXS patterns for MCM-41 samples: pristine MCM-41 (solid line), MCMNH2
ash dot), MCMNDI (dash), and MCMPMI (dot).F
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Fig. 3. SAXS patterns for SBA-15 samples: pristine SBA-15 (solid line), SBANH2
(dash dot), SBANDI (dash), and SBAPMI (dot).
Table 2
Crystallographic parameters of the functionalized MCM-41 and SBA-15 materials.
Material Crystallographic parameters
2 thetaa d (Å) a0 (Å)b
MCM-41 2.38 37.09 42.83
MCMNH2 2.36 37.40 43.19
MCMNDI 2.36 37.40 43.19
MCMPMI 2.36 37.40 43.19
SBA-15 0.90 98.08 113.25
SBANH2 0.88 100.3 115.82
SBANDI 0.88 100.3 115.82
SBAPMI 0.90 98.08 113.25
a Peak corresponding to (100) reﬂection.
b a0 is the center to center distance between adjacent pores (which is equal to
pore diameter + wall thickness).
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stretch bands near 2900 cm1, accusing the presence of the propyl
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Fig. 4. Infrared spectra of SBANDI (solid line), SBAPMI (dot), MCMNDI (dash), and
MCMPMI (dash dot).The spectra of the SBA samples show the symmetric and asym-
metric carbonyl bands which are typical of aromatic imides. The
bands were found at 1657 (asymmetric) and 1701 cm1 (symmet-
ric) for SBANDI and at 1641 (asymmetric) and 1712 cm1 (sym-
metric) for SBAPMI (Fig. 4). It should be noticed that an
absorption band of SiO2 at 1666 cm1 contributes to the observed
spectra, rendering the asymmetric band more intense than the
symmetric one. In the MCM samples, on the other hand, only one
carbonyl band was seen at 1660 cm1 (MCMNDI) and 1657 cm1
(MCMPMI). It appears that the contribution of the SiO2 band was
predominant in this case. This ﬁnding suggests that the carbonyl
absorptions are weakened by vibrational constraints in MCMNDI
and MCMPMI, since the imide molecules ﬁt tight inside the smaller
MCM-41 channels, in contrast to the larger SBA-15 pores, where
the organic chromophores have a higher degree of vibrational
freedom.
It is striking the absence of anhydride bands in the spectra of
modiﬁed MCM-41 samples. The carbonyl absorptions of aromatic
anhydrides are found in the range 1720–1800 cm1, whereas in
the aromatic imides, they are found at 1600–1720 cm1 [22].
These results indicate that the precursor anhydrides reacted at
both sides with the surface amino groups, giving bis-imides.
The small pore size of MCM-41 (<40 Å, Table 2) allows the
chromophore molecules to bind across the channel with two
amino groups on opposite walls, as depicted schematically in
Scheme 1.
Weak anhydride bands can be observed, however, in the spectra
of SBANDI (1787 cm1) and SBAPMI (1770 cm1), along with the
stronger imide bands (Fig. 4), suggesting that in SBA-15 some pre-
cursor molecules remained unreacted at one side, living pending
anhydride groups in the interior of the pores (Scheme 2). The
amount of pending anhydrides in the SBA-15 samples can be esti-
mated as ca 10% of the total chromophore load, based on the rela-
tive infrared absorption intensities. Considering these ﬁndings and
the pore size of SBA-15 (ca 100 Å, Table 2), which is too large for
the imides to bind across the channel, the most likely structure
for SBANDI and SBAPMI is the one in Scheme 2, with most chromo-
phore molecules bound with two adjacent amino groups on the
pore wall (as suggested for SBA-15 modiﬁed with PDI molecules
[22]), which is possible due to the ﬂexibility of the linking alkylN
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Scheme 2. Schematic structure of the imide-modiﬁed SBA-15 materials (as
exempliﬁed with SBANDI). Note the presence of some unreacted anhydride groups,
as suggested by the infrared spectra.
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anhydride end. This structure rises the possibility of further deriv-
atization of the SBA-15 pores by reacting the anhydrides with pri-
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Fig. 6. Diffuse reﬂectance spectra of MCMPMI (dash) and SBAPMI (dot). The
absorption spectrum of N,N0-di(2-phosphonoethyl)-pyromellitimide in water (solid
line) is also presented for comparison. The reﬂectance (or absorbance) scale is given
in arbitrary units and was rescaled for convenience.3.4. Diffuse reﬂectance spectroscopy
The reﬂectance spectra of the samples functionalized with NDI
are shown in Fig. 5, along with the absorption spectrum of a NDI
derivative in solution. The presence of the chromophore in the
mesoporous materials was conﬁrmed by the absorption pattern
typical of NDI derivatives [24–28]. The spectrum in solution is typ-
ical of monomeric 1,4,5,8-naphthalenediimides, showing a well-
deﬁned vibrational progression, with the most intense peak being
the lowest energy one (kmax = 383 nm). In the mesoporous materi-
als, however, an inversion in the intensities of the vibrational peaks
was observed, with the shorter wavelength band becoming the
most intense one (kmax = 352 nm for MCMNDI and 362 nm for
SBANDI). This behavior has also been observed in self-assembled
thin ﬁlms of NDI [35,36] and can be attributed to p-stacking of
the aromatic rings, showing that the imide rings were stacked in-
side the channels of MCM-41 and SBA-15. Moreover, a long wave-
length broad band is seen in the case of SBANDI (kmax = 460 nm),
suggesting that a second population of highly aggregated chro-
mophores was present in this case. This phenomenon could be
due to the presence of the pending rings with anhydride groups
(Scheme 2), which are linked only at one end, and therefore have
the ﬂexibility to form stacks with neighbor chromophoric
molecules.
The reﬂectance spectra of the materials modiﬁed with pyromel-
litic anhydride are shown in Fig. 6. Broad bands at 296 nm
(MCMPMI) and 307 nm (SBAPMI), corresponding to the long wave-
length transition of the PMI derivative in solution (kmax = 306 nm),
conﬁrm that the materials were loaded with the PMI chromophore.
The short wavelength band of PMI found at 230 nm in solution
could not be seen in the solid samples due to intense scattering,
saturating the detector. The PMI chromophore has a small aromatic
system and therefore does not show a great trend to form p-
stacked aggregates that display spectral changes [32–34]. Hence,
the spectra in Fig. 6 does not give much information about the
aggregation state of the PMI molecules inside the mesoporous
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Fig. 5. Diffuse reﬂectance (left) and ﬂuorescence (right) spectra of MCMNDI (dash)
and SBANDI (dot). The emission spectra were taken with the powders suspended in
chloroform (kex = 360 nm). The absorption and emission spectra of a representative
NDI derivative (N-dodecyl-N0-(2-phosphonoethyl)-1,4,5,8-naphthalenediimide
[37]) in water solution (solid line) are also presented for comparison. The spectra
were normalized to Imax = 1 for sake of comparison.3.5. Fluorescence spectroscopy
The NDI usually show a weak but detectable ﬂuorescence
(quantum yields  0.01). The PMI, on the other hand, are non-ﬂuo-
rescent compounds. Therefore, only the ﬂuorescence of the NDI-
modiﬁed materials was studied in this work. The solid materials
were dispersed in the solvents for the measurements, giving stable
suspensions. Fluorescence spectra of MCMNDI and SBANDI in chlo-
roform suspensions are shown in Fig. 5. The emission spectrum of a
representative NDI derivative in solution was also included for
comparison. The emission spectrum in solution is typical of mono-
meric NDI and is a mirror image of the absorption spectrum, with
small Stokes shift (10 nm) and the most intense vibrational band
peaking at 393 nm, sided by a lower intensity band at 414 nm.
The emission spectrum of MCMNDI was also a mirror image of
the reﬂectance spectra, although with larger Stokes shift (71 nm),
presenting an emission maximum at 423 nm. A broad shoulder
centered at 514 nm indicates the formation of excimers to some
extent. In the case of SBANDI, however, only the excimer band,
centered at 552 nm, was observed, with very large Stokes shift
(nearly 200 nm). The large Stokes shift and the presence of excimer
emission show that the excited state of the chromophore was quite
different from the ground state, what is consistent with a high ﬂex-
ibility of the chromophore moieties inside the large SBA-15 chan-
nels (Scheme 2), which is also in agreement with the infrared
results (Fig. 4). The picture is actually more complex in the case
of SBANDI, because of the presence of more than one population
(Fig. 5), including unreacted anhydride rings. We are presently car-
rying out detailed studies on the ﬂuorescence behavior of SBANDI.
These studies will be reported elsewhere.
Overall, the reﬂectance and ﬂuorescence data indicate a rigid
and well-organized packing of the NDI units within MCMNDI,
which can be attributed to a close match between the pore diam-
eter and the length of the NDI chromophore in MCM-41, resulting
in an organized 1D arrangement of p-stacked NDI units, as de-
picted in Scheme 3. It is very likely that p-stacking interactions be-
tween neighbor aromatic rings help to stabilize the arrangement. A
similar effect has been observed with the PDI chromophore in the
channels of MCM-41 [21,22]. The stacking of aromatic rings is a de-
sired feature for materials designed to be semiconducting nano-
wires, since these materials present electron mobility along the
stack. However, there are few reports in the literature on 1D struc-
tures with p-stacked NDI [38,39]. There are far more examples of
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Scheme 3. Schematic picture of 1D p-stacks of NDI units within the channels of MCM-41.
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[12,40,41]. In the case of SBA-15, on the other hand, a less orga-
nized structure with more ﬂexibility can be inferred from the spec-
troscopic data (Scheme 2).
Solvent effects on the ﬂuorescence of the NDI-modiﬁed meso-
porous materials are shown in Fig. 7. Organic ﬂuorophores are gen-
erally more ﬂuorescent in low polarity solvents, such as
chloroform, due to solvation effects. On the other hand, polar sol-
vents, like water, are known to quench the ﬂuorescence of organic
compounds. The quenching of NDI ﬂuorescence by polar solvents
was clearly observed for SBANDI (Fig. 7B), but the effect was inex-
istent in the case of MCMNDI (Fig. 7A). These ﬁndings show that in400 450 500 550 600 650
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Fig. 7. Solvent effects on the ﬂuorescence spectra of MCMNDI (A) and SBANDI (B)
(kex = 360 nm). The solvents employed were CHCl3 (solid line), EtOH (dash), and
water (dot). The solids were dispersed in the solvents for the measurements.the large SBA-15 channels, although the organic moieties occupy
part of the void space, there is still room for the invasion of the sol-
vent molecules (Scheme 2), resulting in solvation of the surface-
bound chromophores. In the narrower MCM-41 channels, how-
ever, the NDI molecules ﬁlled up most of the available space, leav-
ing no room for the entrance of solvent molecules. These ﬁndings
are in agreement with all the previous results.4. Conclusions and further steps
In this work, we described the synthesis and characterization of
mesoporous silicates MCM-41 and SBA-15 covalently linked to the
aromatic diimides PMI and NDI. A high degree of functionalization
was achieved, and the mesoporous framework was preserved
throughout the synthetic steps. Although the functionalization of
mesoporous silicates with organic compounds has become increas-
ingly popular [3,4,14,42], only a few reports appear in the litera-
ture involving aromatic imides, including our own contributions
[21–23] and a few others working with ANI and PDI derivatives
[43–45]. In the present report, we focused on the synthesis and
characterization of the new materials. We are presently studying
advanced applications for the new materials in catalysis, sensors,
and opto-electronic devices. One of the main prospects for the
new materials is the use as colorimetric sensors based on donor–
acceptor charge-transfer complexes [34,46], since the NDI and
PMI are good acceptors.Acknowledgments
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